The genomic deletions led to lethal mutations because of the termination of viral protein synthesis due to viral ORF shift and loss of partial viral gene. These findings imply that experimental data based on CVB integrated with the reporter gene should be interpreted with caution.
Destabilization of Coxsackievirus B3 Genome Integrated with Enhanced Green Fluorescent Protein Gene
into the mature structural and functional viral proteins [1] . Group B coxsackieviruses (CVB) are established important pathogens of human myocarditis, and are highly associated with the pathogenesis of dilated cardiomyopathy [4] [5] [6] [7] . In spite of the critical role of CVB in myocarditis and cardiomyopathy, so far, the precise mechanism of CVB-related heart diseases has not been well defined.
Reporter genes were employed to detect virus replication and transcription quantitatively in a great number of studies [8] [9] [10] . Green fluorescent protein (GFP) of Aequorea victoria is one of the widely used reporters for the evaluation of gene expression and modulation [11, 12] . It has been shown previously [13, 14] that CVB infection could be readily determined by fusing the ORF of the GFP gene ( gfp ) to the N terminus of the CVB polyprotein. Upon pMKS-1, a plasmid carrying the full-length genome of the CVB3 H3 strain [15] with an engineered 3C protease cleavage site at the 5 end of the coding region of CVB3 [16] , a CVB3 variant integrated with the ORF of the enhanced GFP gene ( egfp ), was constructed in this study. Green fluorescence could be viewed in the cells infected with the recombinant virus, CVB3-eGFP, and viral biosynthesis could be easily monitored. However, we found that the insertion of egfp ORF caused destabilization of the CVB3 genome. CVB3-eGFP tended to delete the egfp ORF upon replications. A similar observation was also obtained from the study of poliovirus [17] .
Furthermore, according to the study of poliovirus integrated with the gfp gene [17] , genomic deletions also produced some stable poliovirus variants that carried small leader polypeptides. Reverse transcription polymerase chain reaction (RT-PCR) and sequence analysis of the genomic RNAs reproducibly revealed a few preferred genotypes among the isolated deletion variants. This result suggests that the genomic deletions may cause a variant mixture (quasispecies) during the passage of the recombinant viruses in permissive cells. The presence of quasispecies without GFP expression could misguide the interpretation of studies on viral gene expression and modulation by using such a poliovirus variant.
So far, there is no detailed study available on the genomic stability of coxsackievirus integrated with the reporter gene. Though both CVBs and polioviruses belong to Picornaviridae, there are huge differences among the genomic sequences of CVBs and polioviruses. CVBs also differ from polioviruses in terms of tissue tropism and pathogenesis. To guide the use of reporter-integrated CVB variants for pathogenesis studies, the destabilization of the CVB3-eGFP genome was analyzed in this study.
Materials and Methods

Cell Culture
HeLa cells were maintained in Dulbecco's modified Eagle's medium (DMEM; Gibco-BRL, Grand Island, N.Y., USA) supplemented with 10% fetal bovine serum (FBS; Biologica Industries, Kibbutz Beit Haemek, Israel), 50 U/ml of penicillin and 50 mg/ml streptomycin. Cells were incubated at 37 ° with 5% CO 2 and separated for passage by 0.02% EDTA and 0.25% trypsin.
Construction of CVB3-eGFP
The strategy of CVB3 genome engineering is described in figure 1 . The plasmid pMKS-1, containing the full-length genome of the CVB3 H3 strain [15] , was kindly offered by Dr. J. Lindsay Whitton of the Scripps Research Institute (La Jolla, Calif., USA). A Sfi I restriction site and a 3C protease (3C pro ) cleavage site of CVB3 were introduced immediately downstream of the initiation codon ATG of the viral ORF in pMKS-1 [16] . The 3C pro cleavage site facilitates the detachment of the fusion protein coded by the inserted gene at the Sfi site from the CVB3 polyprotein and ensures the assembly and maturation of progeny virions. This strategy for the construction of the recombinant CVB3 virus has been used previously [16] . Briefly, pMKS1 was linearized by restriction enzyme Sfi I and the ends of linearized pMKS-1 were treated with calf intestinal alkaline phosphatase. egfp ORF (714 bp in length) was obtained by PCR amplification from the template of peGFP-N1 (Clontech Laboratories, Mountain View, Calif., USA) with primers of ATA GGCCTGAGAGGCC GTGAGCAAGGGCGAGG AG CT (sense) and ATA GGCCTCTCTGGCC TTGTACAGCTC-GTCCATGC (antisense; Sfi I sites are underlined). The Sfi I-treated pMKS-1 and egfp ORF were ligated at 4 ° overnight (pMKS-1: egfp = 3: 1 in quantity). 10 l of the ligation product, which was termed pMKS-1-eGFP, was used to transform competent E. coli DH5 ␣ . Three clones of pMKS-1-eGFP were selected and sequenced with the primer of AATACAGACATGGTGCGA AGAGT. To purify the recovered viruses and estimate their virulence, 10-fold serial dilutions of the harvested cell lysate were prepared in DMEM. HeLa cells cultured in 6-well plates (2 ! 10 5 cells/well) were infected with 450 l of each serial dilution. The plates were incubated at 37 ° for 1 h. After the incubation, the cells were overlaid with 2 ml of DMEM containing 5% FBS and 1.6% agarose, and incubated at 37 ° for 72 h in the dark. The cells were then stained with 0.05% neutral red for 1 h. The plaque-forming units were determined as described previously [18] . 3 plaques of each recovered virus were applied to amplification and sequencing. The virus purified through plaque was defined as the first generation of CVB3-eGFP progenies. Sequencing CVB3-eGFP was serially passaged in HeLa cells, and total RNA from each of the 5 passages (from the 2nd to the 6th passage) was extracted with TRIzol Reagent (Invitrogen). 1 l of the extracted RNA was applied to RT-PCR to amplify the viral sequence among which the egfp ORF was inserted. The RT-PCR product was then applied to 1.5% agarose gel electrophoresis. The primers for RT-PCR amplification were GGCGGCAGTGTGTCGTAACGGG C-AAC (P1, sense) and GCGTGGTTCTGTGAACTTGC CCGGG (P2, antisense; fig. 2 ). The amplified product is supposed to be 1,169 bp in length if it contains the intact egfp gene, otherwise the egfp gene was deleted if the amplified product was 455 bp in length ( fig. 2 a) . The amplified products were cloned into pMD19-T simple vector (TaKaRa, Otsu, Japan) by the TA cloning method according to the manufacturer's instruction and then sequenced.
Virus Recovery and
Fluorescence Imaging
The 6th passage of CVB3-eGFP cultured in HeLa cells was subjected to plaque assay as described previously [18] . All plaques were collected and inoculated to HeLa cells in 6-well plates, respectively. eGFP expression in the HeLa cells infected with these plaque-forming viruses was observed by fluorescent microscope with 488-nm excitation. The plates were then imaged by IVIS Lumina Imaging System (Xenogen, Alameda, Calif., USA) with 450-to 490-nm excitation and 10-second exposure.
Results
Virus Construction and Purification
Sequencing results showed that the sequence of egfp ORF and the flanking viral sequences in pMKS-1-eGFP were identical to that of the original design. At 48 h posttransfection, green fluorescence was observed in HeLa cells transfected with pMKS-1-eGFP. The transfected cells were frozen-thawed 3 times and subjected to plaque purification. The genomic sequence of the purified CVB3-eGFP was also confirmed by sequencing. Green fluorescence was clearly shown in HeLa cells infected with CVB3-eGFP purified through plaque ( fig. 1 ). The virulence of CVB3-eGFP was as high as 1.17!10 8 plaqueforming units/ml, though this titer was about 1 log unit lower than that of CVB3 without the insertion of egfp .
Destabilization of the CVB3-eGFP Genome
Genomic deletions of CVB3-eGFP were continuously observed from the 2nd passage of CVB3-eGFP cultured in HeLa cells, as demonstrated by RT-PCR amplification of egfp ORF and the flanking viral sequences ( fig. 2 a) . RT-PCR showed that 3 fragments were consistently able to be amplified in the progenies of CVB3-eGFP from the 2nd passage to the 6th passage ( fig. 2 b) . This result sug- gests that genomic deletion occurred at certain preferred sites, but not randomly, in the genome of CVB3-eGFP. Each of the fragments obtained by RT-PCR was cloned into pMD19-T as described above. Three to six colonies from each clone were selected for sequencing. The sequencing results showed that the length of the 3 fragments was 763, 480 and 283 nt, respectively. The envisaged fragment of 450 nt corresponding to the exact deletion of egfp from the CVB3-eGFP genome was not found in the amplified products. Alignment with the sequence of CVB3-eGFP prior to the passage of the progenies showed that the fragment of 763 nt ( ⌬ 744-1,150) was the result of losing part of the 5 end of egfp ORF. The fragment of 480 nt ( ⌬ 987-1,653) was the result of losing the 3 end of egfp ORF and part of the VP4 coding sequence of CVB3. The fragment of 283 nt ( ⌬ 766-1,653) resulted from losing most of the 3 end of egfp ORF and part of VP4 coding sequence ( fig. 3 a) . Sequence alignment also showed that all of the 3 deletion patterns led to the termination of protein synthesis of viruses due to the loss of initiation codon ATG ( ⌬ 744-1,150) or the shift of the coding frame ( ⌬ 987-1,653, ⌬ 766-1,653; fig. 3 b) .
eGFP Expression of CVB3-eGFP Progenies
Based on the sequence alignment ( fig. 3 ) , all of the 3 types of deletions in the genome of CVB3-eGFP resulted in lethal mutants. However, it is not likely that the RT-PCR primers used in this study could cover all types of deletions in the progenies of CVB3-eGFP. Therefore, it was possible that there were other deletions in addition to those revealed above. Could these ignored deletions have produced viable mutants? To answer this question, the 6th passage of CVB3-eGFP was examined by virus plaque assay. Before neutral red staining, the cells were screened with fluorescent microscope with 488-nm excitation. We found that all plaque-like cytopathic foci showed green fluorescence ( fig. 4 a) . This result indicated that all the viable viruses expressed eGFP. After neutral As a gene expression reporter, GFP has been used to monitor the replication and translation of the CVB genome in several studies [13] [14] . Previously, it was reported that polioviruses fused with the ORF of gfp or the GAG gene ( gag ) of human immunodeficiency virus type 1 showed severely impaired viral replication and was genetically unstable; the inserted sequences were rapidly deleted as early as the first growth cycle in HeLa cells [17] . This observation implies a possibility that a mutant mixture (quasispecies) could be produced in the viral pool during the replication of picornavirus with gfp , and consequently, the expression of gfp may not be consistent to the viral gene expression. In this case, the role of gfp as a reporter of viral gene expression would be compromised.
In this study, we constructed a CVB3 variant integrated with egfp ORF in the 5 end of the CVB3 ORF. As it was expected, eGFP expression was observed in HeLa cells infected with CVB3-eGFP ( fig. 1 ) . To evaluate the stability of the CVB3-eGFP genome, purified CVB3-eGFP was passaged continually in HeLa cells. RT-PCR amplification of the viral genomes with primers located at both ends of egfp ORF demonstrated that the genomic deletion of CVB3-eGFP began as early as the 2nd passage ( fig. 2 b) . This finding confirms that the insertion of the egfp gene can cause instability of the CVB3 genome.
RT-PCR showed that 3 deletion patterns could be consistently detected from the 2nd to the 6th passage ( fig. 2 b) . These results suggest that genomic deletions are not random events, but occur at certain preferred sites of the CVB3-eGFP genome.
The RT-PCR products were cloned by the TA cloning method, and thereafter 3-6 clones of each fragment were sequenced. Sequence analysis revealed that the size of the RT-PCR products was 763, 480 and 283 nt, respectively ( fig. 3 a) . The 763-nt fragment lost sequence from the 744th to 1,150th nucleotide ( ⌬ 744-1,150), the 480-nt fragment lost sequence from the 987th to 1,653rd nucleotide ( ⌬ 987-1,653) and the 283-nt fragment lost sequence from the 766th to 1,653rd nucleotide ( ⌬ 766-1,653). Sequence alignment showed that the initial codon AUG was removed in the ⌬ 744-1,150 mutant. The reading frame shifts of the viral ORF happened in other mutants ( ⌬ 987-1,653 and ⌬ 766-1,653; fig. 3 b) . In ⌬ 987-1,653 and ⌬ 766-1,653 mutants, not only was most of the egfp ORF deleted, but part of the viral VP4 region was deleted as well. The 3 deletions led to a consequence of CVB3-eGFP protein synthesis termination, and theoretically were not likely to produce viable progeny.
Though all the genomic deletions mentioned above ended up with lethal mutations, there might be other deletions that were beyond the coverage of the primers we used. These possible deletions might also fail to generate viable mutants because more viral sequences would be removed. To verify this presumption, plaque assay was performed to isolate the progenies in the 6th passage of CVB3-eGFP. eGFP expression in the plaques was checked before and after neutral red staining. The results showed that all plaque-like foci on the monolayer of infected HeLa cells showed green fluorescence before neutral red staining ( fig. 4 a) . All the 40 visible plaques stained with neutral red were collected to infect HeLa cells cultured in 6-well plates. All of the infected cells showed green fluorescence ( fig. 4 b) . We did not find any green fluorescencenegative plaque. This observation confirms our presumption, but differs from the study of poliovirus with the gfp gene [17] , in which the genomic deletion produced viable mutants, though the plaque-forming characteristics of the mutants changed significantly.
We constructed 2 other CVB3 variants fused with the Renilla luciferase gene or red fluorescent protein mCherry gene. Similar genomic deletions were also found in both variants (data not shown). Therefore, we speculated that the stability of the picornavirus genome is a result of long-term natural adaptation. Any artificial modification, e.g. introducing a reporter gene, can greatly destabilize the picornavirus genome. On the other hand, a technical feature shared among the engineered viruses mentioned above is that the insertions are all located at the 5 end of the viral ORF. Can the viral genome be relatively stable if the reporter gene is introduced at the 3 end or other positions of the viral ORF? This speculation may be worth further investigation. A previous study [19] inserted adenovirus 2 (Ad2) hexon L1 loop (222 bp) into an artificial 2A pro site located in the middle of CVB3 ORF. RT-PCR analysis showed the genome of the resultant progeny virus remained stable within 10 passages, although mild genomic deletions were also observed in the 8th and 10th passages. However, since the size of the Ad2 hexon L1 loop is far smaller than that of egfp and other reporter genes, it is hard to predict the stability of the viral genome if the egfp gene is inserted at this location.
Fierce genetic variation is a hallmark of RNA viruses. The predominant reason for this phenomenon is the misincorporation of nucleotides due to the lack of proofreading function of RNA polymerase during viral RNA synthesis [20] . For picornavirus, genomic recombination also contributes to its genetic change. Recombination can occur between 2 replicating poliovirus genomes in vivo and in vitro by a mechanism of crossover between sibling RNA strands during minus-strand synthesis of the replication-competent viral parent [20, 21] . Mueller and Wimmer [17] found that there were short repeat sequences in the immediate vicinity around the deletions of the gfp gene in poliovirus, and proposed that these repeat sequences might facilitate nonhomologous RNA recombination during minus-strand synthesis and cause the deletion of the inserted reporter gene. In the case of CVB3-eGFP, we could not find such a repeat sequence around the deleted sites. Therefore, another mechanism may be involved. Johansen and Morrow [22] revealed that poliovirus genomes 70% or smaller were not efficiently encapsidated. This provides a possible direction for further study of natural selections of CVB3-eGFP mutants.
Taken together, the egfp expression can be used as an indicator of the biosynthesis of CVB3-eGFP in a short period of time. However, it is not appropriate to use it for a long-duration observation. Furthermore, it is always necessary to purify the stocking viral pool by plaque assay before using CVB3-eGFP. The results based on CVB3-eGFP, especially in vivo observation, should be interpreted with caution. Overall, the genomic instability of picornaviruses integrated with reporter genes should be taken into account when related experimental data are interpreted.
